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Abstract
I give my personal perspective on the past, present, and future of weak neutral
current experiments, emphasizing the experimental inputs; the theoretical diffi-
culties and inputs; the role of model independent and global analyses; and the
implications at each stage.
• Introductory Comments
• The Discovery Phase (unification)
• The Second Generation (the standard model confirmed)
• The Third Generation (precision tests; radiative corrections)
• The LEP Era (high precision; mt; new physics searches)
• The Future (complement to colliders)
1Invited talk presented at 30 Years of Neutral Currents. From Weak Neutral Currents to the
(W)/Z and Beyond, Santa Monica, February 1993.
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1 Introductory Comments
I have been interested in the implications of weak neutral currents for some 17
years. In this talk I will describe the five major phases of experiments from my
own theoretical point of view. Let me begin with some general comments.
• The weak neutral current (by which term I include the properties of the W
and Z bosons) has always been the primary test of the electroweak unifica-
tion. QED and the weak charged current theory already existed and were
incorporated into the standard model. (The latter was, however, greatly
improved by the possibility of computing radiative corrections.)
• The weak neutral current experiments have uniquely established the fermion
couplings, consistent with the gauge group and fermion representations of
the standard model.
• The weak neutral current has also probed the underlying structure of gauge
field theory. The electroweak unification in itself is a significant success of the
gauge concept. Furthermore, the precision experiments require the calcula-
tion of radiative corrections, which tests the whole concept of gauge invari-
ance and renormalization theory. The electroweak unification has also made
possible the calculation of finite higher-order corrections to weak charged
current processes, which are essential for agreement between theory and
experiment.
• Another role has been the search for new physics. So far all data are in
agreement with the standard model. Moreover, there are large domains of
possible new physics which are excluded. I expect that this role will continue
to be significant in the future, and that precision experiments will be a useful
complement to high energy colliders.
• I would also like to emphasize the complementarity of the various precision
experiments. No one experiment is sensitive to every type of new physics or
to every aspect of the standard model. However, because of the wide variety
of reactions and kinematic ranges that have been explored it is unlikely that
any relevant type of new physics would be able to slip through without
leaving a signature.
• The program has been aided by the global analysis of all experiments si-
multaneously. A global analysis has the advantage that the experiments
collectively contain more information than any one, but has the obvious
caveat that one must be careful in the estimation and application of exper-
imental and theoretical uncertainties and their correlations.
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2 The Five Phases
Let me first give a brief overview of the five phases.
• The discovery phase, which culminated in 1973 with the discovery of the
weak neutral current, has been extensively discussed at this conference. In
particular, the existence of the weak neutral current was a successful pre-
diction of the SU2 × U1 model.
• The second generation of experiments occurred in the latter half of the
1970’s, and was dominated by purely weak νN and νe scattering, and by
weak-electromagnetic interference in the polarized e↑↓D asymmetry from
SLAC. These experiments were sufficiently precise (typically ∼10%) that
it was possible to begin model-independent fits, which means an analysis
allowing for an arbitrary gauge theory. It was possible to determine most
of the vector and axial parameters of the four-Fermi interactions and to
show that they were consistent with the SU2 × U1 model to first approxi-
mation, and not some completely different theory. Assuming the standard
model, one was able to obtain a reasonably precise value for the weak angle,
sin2 θW = 0.229 ± 0.010, where the error was mainly experimental. Al-
though it was not presented in this way, the results implied an upper limit
of mt < 290 GeV.
• The third generation of experiments, in the 1980’s, was characterized by
higher precision (typically 1 – 5%) and the existence of many more probes.
These included purely weak νN and νe scattering, as well as a number of
weak-electromagnetic interference phenomena. New results included atomic
parity violation, e+e− annihilation, and the actual observation of theW and
Z bosons at CERN with a determination of their masses. The result was
that the standard model was correct, and complicated alternative models
(with similar four-Fermi interactions) were excluded. Furthermore, for the
first time the weak interactions of the b quark were measured in both charged
and neutral current processes, with the consequence that the t exists, and
searches were made for and limits set on many types of new physics. A
more precise value of the weak angle was obtained, sin2 θW = 0.230± 0.007,
where now the error was mainly theoretical from the interpretation of deep
inelastic scattering. One obtained a more stringent limit mt < 200 GeV.
• The fourth phase is the LEP era, which began in 1989. This is dominated
by the Z-pole observables includingMZ and the Z widths and asymmetries,
which are typically at the few tenths percent level. There have also been
a number of other experiments, including much improved measurements of
MW , atomic parity violation (APV), and more precise νe scattering. They
test the standard model at the level of radiative corrections and stringently
search for new physics. The weak angle is now determined an order of
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magnitude better than before, sin2 θˆW (MW ) = 0.2328 ± 0.0007, where now
the error is almost entirely due to the uncertainty in mt. One also has the
standard model prediction mt = 150
+19+15
−24−20 GeV, where the second error is
from the Higgs mass.
• Finally, there is the possibility of future ultrahigh precision (≪ 1%) ex-
periments. These include polarization asymmetries, much improved atomic
parity violation experiments, determinations of MW , and a possible νN ex-
periment at Fermilab. These experiments would be sensitive to many types
of new physics up to the TeV, range and would be a useful complement to
the direct searches for new particles at the SSC and LHC.
3 The Discovery Phase
I don’t have much to say about this phase from personal experience. (I was
working on completely different things at the time.) Nevertheless, I would like to
make a few comments.
• It is important to recall the historical context. The discovery of the weak
neutral current occurred during the period of – and was in part responsi-
ble for – a complete change of outlook in particle physics. Previously, the
emphasis had been on the classification of elementary particles and their
properties, and most effort was devoted to the strong interactions and S-
matrix theory. Gradually, however, the framework changed to quantum field
theory. This change was effected by theoretical developments, the parallel
development of quarks and QCD, and of course the discovery of the weak
neutral current.
The original role of the flavor-changing neutral currents (FCNC) can be
characterized as looking under the wrong lamppost. As we have heard at
this meeting, the severe limits on the FCNC confused the issue because it
was reasonable to expect that if they were small then the flavor-conserving
interaction should also be small. Furthermore, their absence delayed the
theoretical development of the hadronic part of the standard model, which
required the GIM mechanism [1]. But this needed the charm quark, which
people were reluctant to accept until the discovery of the J/ψ and neutrino-
induced dimuons. FCNC are now very important again, because they are
predicted at some level by most extensions of the standard model. In partic-
ular, theories involving compositeness and/or dynamical symmetry breaking
generally predict FCNC far in excess of the existing limits. The experimen-
tal limits have severely held up the development of realistic models, and
perhaps even cast doubt upon that whole set of ideas. It is important to
push the searches as far possible, not only in the kaon system, but also in
heavy quark and lepton decays.
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• The weak neutral current has always been closely connected with the uni-
fication of the weak and electromagnetic interactions. Almost all unified
theories predict neutral currents, and, conversely, the most natural way to
have neutral currents is within gauge unification. Furthermore, neutral cur-
rents (or the ratio of neutral current and charged current rates) have always
been the primary quantitative test of the structure of the standard model
and have been crucial in the search for new physics.
The Fermi theory of the weak charged current and QED existed before the
unification. They were incorporated, and the Fermi theory was improved
in the sense that unification made possible the calculation of higher-order
corrections. Nevertheless, the weak charged current has so far been less
important in establishing the standard model and searching for new physics.
This is due in part to the fact that charged current experiments tend to
have more hadronic uncertainties. Furthermore, precise measurements often
result in the measurement of an element of the CKMmixing matrix [2] rather
than directly testing the standard model. Of course, verification that the
CKM matrix is unitary is important. For example, the successful relation
[3]
|Vud|
2 + |Vus|
2 + |Vub|
2 = 0.9992± 0.0014 (1)
eliminates many extensions of the standard model involving right-handed
currents or extended fermion sectors. This success is particularly remarkable
in that if one did not apply radiative corrections to β and µ decay one would
have obtained 1.036, in contradiction with unitarity. Without the entire
apparatus of non-abelian gauge theory one would not have been able to
calculate these corrections, which would have been infinite and meaningless,
so (1) tests the underlying ideas of gauge theory. In the future we expect
other important probes of CKM unitarity, especially CP violation in B
decays. Nevertheless, the neutral current has so far been the most important
test of the standard model.
• As we have heard at this meeting there were many early confusions. Weak
interaction experiments are hard, and incorrect results are sometimes ob-
tained. There is a long history of this in charged current interactions, neu-
trino mass, etc., and the neutral current is no exception. Incorrect early
results significantly delayed the discovery of the weak neutral current. Even
after it was found the confused situation for the first few years, such as
unsuccessful searches for atomic parity violation, led to a plethora of alter-
native theoretical models. This takes me to the second phase.
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4 The Second Generation
The second generation of experiments in the second half of the 1970’s, which were
typically of 10% precision, clarified the situation. In particular, they established
that the basic structure of the standard model was correct, at least for the 4-Fermi
interactions relevant at low energies, and many alternative models with disjoint
parameters were eliminated [4].
4.1 The Experiments
Most of the experiments were purely weak processes involving the neutral cur-
rent scattering of neutrinos. The most precise were the CERN and Fermilab
measurements of deep inelastic scattering, νN → νX , from targets that were ap-
proximately isoscalar. Although these gave the most precise results, if one wanted
to independently determine the isospin structure of the neutral current one needed
other information, such as could be provided by deep inelastic scattering from p
and n targets, elastic scattering νp → νp, and inclusive and exclusive pion pro-
duction νN → νπX , νπN . There were also several (low statistics) measurements
of νµe → νµe. This era also featured the seminal SLAC polarized e
↑↓D → eX
asymmetry measurement [5], which established parity violation in the weak neu-
tral current. The first successful atomic parity violation experiments in bismuth
and thallium were reported towards the end of this period. There had been several
early incorrect null experiments, as well as considerable theoretical difficulty in
the interpretation; therefore, atomic parity did not play a significant roll in this
phase. (The null experiments made even more significant the SLAC asymmetry
measurement.)
4.2 Theoretical Inputs
Due to the variety of competing models it was important to have a general way of
analyzing the data to distinguish between them. Each model had its own set of
parameters and it was awkward to describe experimental results in terms of the
parameters of each of several models. Therefore, the idea of model independent
analyses of 4-Fermion couplings was devised, and was especially emphasized by
Bjorken and by Hung and Sakurai [6]. One utilizes a parametrization in which
each 4-Fermi interaction allows arbitrary admixtures of V and A coefficients for
the electrons and quarks (one assumes a V − A coupling for the neutrinos), as
is valid for an arbitrary gauge theory. Each individual gauge model would give
specific predictions for these coefficients. One then attempts to determine them
from experiment in a model independent way to see which models are allowed or
excluded.
S, P , and T couplings are not generally included in the model independent
analyses. Even today, one could not rigorously exclude significant amounts of S,
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P , and T from the νN and νµe reactions. However, they are rendered largely su-
perfluous by the successes of the standard model and the discovery of the Z boson.
Furthermore, the SLAC asymmetry and (in later generations) other measurements
sensitive to weak-electromagnetic or neutral-charged current interference excluded
the possibility of a dominant role for S, P , and T . In the interest of simplicity
and for lack of theoretical motivation, we will therefore ignore the possibility of
S, P , and T except as a small perturbation.
In the mid 1970’s there were reported anomalous trimuon events by the HPW
νN experiment at Fermilab. Although these did not ultimately survive, they
stimulated several groups to develop alternative gauge models to account for them.
I was guilty of some of this work myself, and my interest in neutral currents came
about from looking for ways to constrain or test these alternative models. By
that time the experiments were getting quite accurate, and I decided that it
would be useful to gather all of the neutral current data and carry out a model
independent analysis. For this one needs enough constraints to determine all of
the couplings, and this in turn requires a simultaneous (global) analysis of all of
the data. Another thing that was needed at that stage was a better theoretical
treatment of the reactions. In particular, the deep inelastic data was becoming
sufficiently precise that simple parton model expressions were no longer adequate.
It became clear to my collaborators and me [4] that it would be necessary to
apply QCD corrections, c thresholds, etc., uniformly to all of these experiments
to obtain reliable theoretical formulas from which to extract information about
the weak interactions.
4.3 A Digression: Global Analyses of Data
The application of global analysis techniques is now well accepted, but was some-
what controversial at the time of the second generation of experiments. A global
analysis is basically the combination of two or more measured numbers, which
may be obtained in the same or different experiments, to obtain a result. A
global analysis often contains more information than any one experiment, but
care must be taken with uncertainties.
Often one applies a global analysis without using that language. For example,
in QED one obtains α to a very high precision from the quantum Hall effect.
However, that by itself does not test QED. To do so one must simultaneously
analyze one or more other measurements, such as of the muon anomalous magnetic
moment, gµ − 2. QED is tested by their consistency, e.g., by using the result of
one experiment to predict another within the QED framework.
In the standard model weak neutral current sector the results of any one ex-
periment can usually be accommodated by choosing the value of the weak angle
sin2 θW . However, the large (unknown) value of mt means that it plays a sig-
nificant role in the radiative corrections. Therefore, any complete extraction of
standard model parameters requires at least two measurements. However, even
7
here one is not really testing the standard model2: one needs to determine these
two parameters and then predict the results of a third experiment. In fact, one
wants to have as many different measurements as possible. Each experiment has
different dependences on the parameters and on the various types of new physics,
and one wants to maximize the sensitivity. Of course, if any deviation is observed
one would want to have as many independent probes as possible to confirm it and
to diagnose its origin out of the enormous variety of possible types of new physics.
Another advantage of a global analysis is that it allows one to determine the
parameters for larger classes of models, such as arbitrary gauge theories. Once the
generalized parameters are determined one can see whether the standard model
is uniquely selected and set limits on small perturbations around it.
Finally, there are often different experiments measuring similar things, such
as deep inelastic scattering. It is important not only that one use the best pos-
sible theoretical expressions in the analysis but that they be applied uniformly.
For example, it is desirable to use the same quark distribution functions for each
experiment, and crucial that common theoretical uncertainties are properly cor-
related.
On the other hand, there are obvious dangers when one combines experiments.
In particular, one must be careful with systematic and theoretical uncertainties
and the correlations between measurements. Because of the importance of careful
error estimation and combination I would like to emphasize what I consider the
four mortal sins of data presentation:
• The first is to underestimate systematic or theory errors.
• The second, and almost as serious, is to overestimate systematic or the-
oretical errors. The old idea of multiplying an uncertainty by π may be
reasonable for giving an absolute bound on the range of errors, but it can be
misleading if one tries to use the quoted uncertainty quantitatively. Based
on my own observation of experiments and how they have compared with
later more precise results, I suspect that there has been a tendency to over-
estimate systematic errors.
• A third mortal sin is to not publish error correlation matrices.
• Finally, it is important to not present experimental results in too narrow or
trendy a context. For example, it is more useful to publish observables (such
as cross sections) which can be interpreted or analyzed in the context of a
general gauge theory (or, hopefully, an even more general framework), rather
than just sin2 θW . Such results can be interpreted in a wider context, can
be more readily used for setting limits or searching for new physics, and can
be later updated if the theoretical calculations of strong interactions effects,
2There may, of course, be ranges of experimental values that cannot be described by any
values of sin2 θW and mt.
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1980 1987 present SM (MZ)
g2L 0.296± 0.008 0.2996± 0.0044 0.3003± 0.0039 0.3021
g2R 0.032± 0.007 0.0298± 0.0038 0.0323± 0.0033 0.0302
geV +0.043± 0.063 −0.044± 0.036 −0.035± 0.017 −0.037
geA −0.545± 0.056 −0.498± 0.027 −0.508± 0.015 −0.506
sin2 θW 0.229± 0.010 0.230± 0.007 0.2328± 0.0007 –
(bare) (on-shell) MS
mt < 290 < 200 150
+19+15
−24−20 150 (input)
Table 1: Values of the νq and νe model independent parameters, sin2 θW , and
the mt predictions at various phases, compared to the standard model prediction
using as input MZ = 91.187 GeV and mt = 150 GeV. g
2
L,R are defined by
g2L,R = ǫL,R(u)
2 + ǫL,R(d)
2.
radiative corrections, etc., are improved. Obviously, detector dependent-
artifacts, acceptances, etc., have to be corrected for.3 One can present results
both in this form and in terms of sin2 θW .
4.4 Results
There were several global analyses of the second generation of the experiments. I
will report on those in the article by Kim et al. [4].
• Model independent analyses of the 4-Fermi couplings were carried out. The
couplings relevant to νq and eq interactions were uniquely determined for
an arbitrary V and A theory (assuming V −A neutrino couplings and fam-
ily universality), while the νe couplings were determined up to a two-fold
ambiguity. The results are shown in Figures 1, 2, and 3 and in Table 1.
Many alternative models with disjoint predictions for these couplings were
eliminated.
• Assuming the standard model, one had a rather precise value for the weak
angle, namely sin2 θW = 0.229 ± 0.010. Also one had a result on the pa-
rameter ρ0 ≡M
2
W/M
2
Z cos
2 θW , which could be interpreted as an upper limit
mt < 290 GeV. The sin
2 θW error was dominated by experimental uncer-
tainties, although the theoretical uncertainties were not negligible.
At about the same time grand unified theories, e.g., based on the SU5
model, became popular, which predicted sin2 θW = 0.209
+0.003
−0.002. The exper-
iments were already precise enough to be problematic for these models [7],
even before the nonobservation of proton decay. Within a year or two sev-
eral groups [8] pointed out that supersymmetric extensions of the standard
3Such corrections are usually model dependent. However, these may be calculated assum-
ing the standard model, which we now know to be an excellent first approximation. Similar
statements apply to many radiative corrections.
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Figure 1: Allowed regions for the couplings relevant to neutrino quark interac-
tions in 1981, from [4]. Only the cross hatched regions are allowed by all of
the data. The left and right chiral couplings to the up and down quarks are
defined by the effective interaction −LνN = GF√
2
ν¯γµ(1 − γ5)νJ
µH , where JµH =∑
i [ǫL(i)q¯iγ
µ(1− γ5)qi + ǫR(i)q¯iγ
µ(1 + γ5)qi] . In the standard model the couplings
are predicted at tree-level to be ǫL(u) ≃
1
2
− 2
3
sin2 θW , ǫR(u) ≃ −
2
3
sin2 θW ,
ǫL(d) ≃ −
1
2
+ 1
3
sin2 θW , and ǫR(d) ≃
1
3
sin2 θW . The angles θL,R are measured
with respect to the vertical (ǫL,R(d)) axes.
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Figure 2: Leptonic coupling constants allowed at 90% confidence level in 1981,
from [4]. The vector and axial vector couplings are defined by −Lνe =
GF√
2
ν¯γµ(1 − γ5)νe¯γ
µ (geV − g
e
Aγ5) e. In the standard model, g
e
V ≃ −
1
2
+ 2 sin2 θW ,
geA ≃ −
1
2
.
11
Figure 3: Regions allowed by the SLAC and early atomic parity violation ex-
periments in 1981, from [4]. The parity violating couplings are defined by
LeqPV =
GF√
2
∑
i [C1ie¯γ
µγ5eq¯iγµqi + C2ie¯γ
µeq¯iγµγ5qi] . In the standard model, C1u ≃
−1
2
+ 4
3
sin2 θW , C1d ≃
1
2
− 2
3
sin2 θW , C2u ≃ −C2d ≃ −
1
2
+ 2 sin2 θW .
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Figure 4: Predictions of the ordinary (open circles) and supersymmetric (triangles
and boxes) grand unified models for sin2 θW , compared to the experimental data
(filled circles).
model, such as SUSY − SU5, led to a larger prediction 0.225
+0.015
−0.002, in good
agreement with experiment. This is illustrated in Figure 4.
• There were also early limits on additional heavy Z ′ bosons.
5 The Third Generation
The third generation of experiments in the 1980’s were of the 1 – 5% level. They
not only made more precise the statement that the standard model is correct to
first approximation, but they also ruled out many epicycle models which repro-
duced the low energy 4-Fermi interactions but involved different W and Z masses.
These experiments were also the first to see the effects of radiative corrections in
a significant way.
5.1 The Experiments
This generation included high precision νN and νµe experiments at CERN, Fer-
milab, and elsewhere, and also the first (ν¯e)νee experiments at the Savannah
River reactor and at LANL. The latter were sensitive to interference between
the neutral and charged currents. Furthermore, there are many measurements of
weak-electromagnetic interference, from PEP, PETRA, and TRISTAN below the
13
Z-pole, including e+e− → e+e−, µ+µ−, τ+τ−, and hadrons. A new generation of
precise atomic parity violation experiments in the cesium atom were performed in
Paris and Boulder. Not only were the experiments much better, but cesium is a
simple atom with a single valence electron outside a tightly bound core, allowing
a clean calculation of the relevant atomic theory. There was also a µC asymmetry
experiment at CERN. Finally during this era theW and Z were directly produced
and observed at CERN and later at Fermilab, and their masses determined.
5.2 Theoretical Inputs
The new higher precision required a careful attention to radiative corrections and
to the definitions of the renormalized weak angle sin2 θW . Marciano and Sirlin [9]
and others carried out careful calculations of the corrections to all relevant 4-
Fermi processes. Another necessary input was a more careful evaluation of the
theoretical formulas for deep inelastic scattering. This was greatly helped by an
analysis of Llewellyn-Smith [10], who used isospin arguments to show that most
of the structure function uncertainties (other than those associated with the c-
quark threshold and non-isoscalar targets) cancelled in the ratio of neutral and
charged current cross sections. During the mid-1980’s, I spent a great deal of time
reanalyzing all of the deep inelastic experiments to estimate the remaining cor-
rections and their uncertainties. Each experimental collaboration had done their
own analysis, but had usually only extracted sin2 θW . For a model independent
analysis one needs a more general expression. It was necessary to reanalyze all
of the experiments, folding in the appropriate cuts, acceptances, and spectra.4
The model independent reanalysis also allowed one to apply uniform theoretical
expressions to all of the experiments and to properly correlate the theoretical
uncertainties [11].
Another theoretical input was a parameterization of the effects of certain types
of new physics, such as Z ′ bosons [12], exotic fermions which mix with the ordinary
fermions [13], etc. One needs an explicit parametrization of how they affect each
observable. This should be fairly general and not tied to a specific model, but
on the other hand there must be a small enough number of parameters to be
manageable. One would also like the parameters to have clear physical meanings,
such as masses and mixing angles of physical particles.
5.3 Results
These experiments were interpreted in a global analysis by Amaldi et al. [11]
in 1987, in a theoretical collaboration which consisted of three theorists and five
experimenters. There was no evidence for any deviation from the standard model:
it is correct to first approximation, and many contrived models with unusual values
4It was just possible for an outsider to reanalyze this generation of experiments. That could
never be done with the more complicated LEP experiments.
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Figure 5: Current allowed regions for the neutrino quark couplings, including
results published since [11].
Figure 6: Current status of the νe parameters, including the recent CHARM-II
results [14]. The νµe data allow four solutions, which differ by the interchange of
V and A and an overall sign difference. The νee data eliminates two of these solu-
tions. The vector-dominant solution is eliminated by e+e− annihilation data under
the additional (by now plausible) assumption that the interaction is dominated
by the exchange of a single Z boson.
for the gauge boson masses were eliminated. The model independent analyses were
repeated and improved. There were unique values for the 4-Fermi parameters
relevant to νq, νe, and eq scattering, as can be seen in Figures 5, 6, and 7.
These also featured considerably smaller error bars than in the previous analyses
(Figures 1–3 and Table 1.)
The interferences between weak an electromagnetic couplings observed in e+e−
and eq processes show that they are not purely S, P , and T . (This was already
shown in the eq system by the SLAC asymmetry.) Similarly, the νee interaction
is not S, P , T because of the observed interference between charged and neutral
currents. (This also shows that the νee interaction is flavor conserving at the
neutrino vertex. It is the only evidence in that sector [15].) Strictly speaking,
there is no proof that the νq interactions are vector and axial, but by applying
Occam’s Razor it is reasonable to assume that they are not dominated by S, P ,
15
Figure 7: Regions of the parity-violating eq interaction currently allowed by
atomic parity violation, the SLAC asymmetry, and the combined fit, compared
with the predictions of the standard model.
and T (especially following the discovery of the W and Z).
By this period it was clear that radiative corrections are necessary to account
for the data, particularly the values of the W and Z masses compared to the
neutral current processes. The value of the weak angle sin2 θW = 0.230 ± 0.007
was now established more precisely than before, with the uncertainties now mainly
theoretical, dominated by uncertainties in the c quark threshold in deep inelastic
scattering.5 From the collection of data one could set a robust upper limit mt <
200 GeV on mt.
Another consequence of this generation of experiments, including neutral cur-
rent, charged current, and gauge boson properties, was that (assuming the stan-
dard model gauge group and reasonable assumptions) the fermion assignments
of all of the new fermions could be determined uniquely [16]. That is, the left-
handed particles occur in doublets and the right-handed particles in singlets. In
particular, measurements of the weak interactions of the b imply that the t exists.
This is a compelling argument based directly on experimental data, which com-
plements theoretical arguments involving anomalies. Similarly, the properties of
the τ imply that the ντ must exist.
The more precise coupling constants allowed a cleaner test of grand unification,
as can be seen in Figures 4 and 8. The results again show that ordinary SU5 and
similar models are excluded, while the supersymmetric extensions are in good
agreement with the data, “consistent with SUSY GUTS and perhaps even the
first harbinger of supersymmetry”[11].
Finally, there were stringent limits placed on many types of new physics during
this period, such as the masses and mixings of heavy Z ′ bosons, the mixings of
exotic fermions with unusual weak interactions, exotic Higgs fields (Figure 9),
leptoquarks, and 4-Fermi operators.
5The uncertainty is mainly in charged current scattering, but the relevant quantity is the
ratio of neutral to charged current cross sections.
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Figure 8: Predictions of ordinary and supersymmetric grand unified theories for
sin2 θW and mt compared with the data in 1987. Based on the analysis in [11].
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Figure 9: Constraints on ρ0 vs sin
2 θW in 1987, from [11]. ρ0 is predicted to
be one in the minimal standard model but could differ from unity in models
with Higgs triplets, etc. The different constraints from the various experiments
illustrate the power of a global analysis in giving more stringent results than any
one experiment. The curves shown assume mt < 100 GeV. For more recent results
and the effects of a larger mt, see [17].
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Figure 10: Values of the weak angle as a function of the approximate relevant
momentum scale for a variety of probes.
6 The LEP Era
LEP has been running since 1989, bringing us into a much more precise era of
precision tests. Typical results are in the 0.1% range, where the radiative correc-
tions are essential. One stringently tests the standard model, constrains mt, and
searches for small perturbations due to new physics.
6.1 The Experiments
The four LEP experiments – ALEPH, DELPHI, L3, and OPAL – have measured
the Z mass to the amazing precision of MZ = 91.187 ± 0.007 GeV, and have
made excellent measurements of the various widths and asymmetries, such as
ΓZ , Γff¯ , AFB(f), Apol(τ) [18]. Recently the SLD collaborations [19] at the SLC
have made the first measurement of the polarization asymmetry ALR. Many of
the current observables are shown in Table 2 along with their standard model
predictions. There are also new precise measurements of MW from CDF [20],
MW/MZ from UA2 [21], the weak charge QW in cesium [22], and a new generation
of νµe scattering from CHARM II [14].
6.2 Theoretical Inputs
An enormous effort was needed to accurately calculate the radiative corrections to
e+e− annihilation in the vicinity of the Z-pole. This was carried out by a number
of groups, mainly in Europe. Much effort has also gone into parametrizations of
small deviations from the standard model.
6.3 Results
• Precision standard model tests and mt: there is no evidence for deviation
from the standard model for wide range of probes and distance scales, in-
19
Quantity Value standard model
MZ (GeV) 91.187 ± 0.007 input
ΓZ (GeV) 2.491 ± 0.007 2.490 ± 0.001 ± 0.005 ± [0.006]
R = Γhad/Γll¯ 20.87 ± 0.07 20.78 ± 0.01 ± 0.01 ± [0.07]
σhp (nb) 41.33 ± 0.18 41.42 ± 0.01 ± 0.01 ± [0.06]
Γbb¯ (MeV) 373 ± 9 375.9 ± 0.2 ± 0.5± [1.3]
AFB(µ) 0.0152 ± 0.0027 0.0141 ± 0.0005 ± 0.0010
Apol(τ) 0.140 ± 0.018 0.137 ± 0.002 ± 0.005
Ae(Pτ ) 0.134 ± 0.030 0.137 ± 0.002 ± 0.005
AFB(b) 0.093 ± 0.012 0.096 ± 0.002 ± 0.003
AFB(c) 0.072 ± 0.027 0.068 ± 0.001 ± 0.003
ALR 0.100 ± 0.044 0.137 ± 0.002 ± 0.005
Γll¯ (MeV) 83.43 ± 0.29 83.66 ± 0.02 ± 0.13
Γhad (MeV) 1741.2 ± 6.6 1739 ± 1± 4± [6]
Γinv (MeV) 499.5 ± 5.6 500.4 ± 0.1 ± 0.9
Nν 3.004 ± 0.035 3
g¯A −0.4999 ± 0.0009 −0.5
g¯V −0.0351 ± 0.0025 −0.0344 ± 0.0006 ± 0.0013
s¯2W (AFB(q)) 0.2329 ± 0.0031 0.2328 ± 0.0003 ± 0.0007± ?
MW (GeV) 79.91 ± 0.39 80.18 ± 0.02 ± 0.13
MW/MZ 0.8813 ± 0.0041 0.8793 ± 0.0002 ± 0.0014
QW (Cs) −71.04 ± 1.58 ± [0.88] −73.20 ± 0.07 ± 0.02
geA(νe→ νe) −0.503 ± 0.017 −0.505 ± 0± 0.001
geV (νe→ νe) −0.025 ± 0.020 −0.036 ± 0.001 ± 0.001
sin2 θW 0.2242 ± 0.0042 ± [0.0047] 0.2269 ± 0.0003 ± 0.0025
Table 2: Current values of LEP and other recent observables. Not all of the LEP
observables are independent. The last column are the standard model predictions
using MZ as input and assuming the value and uncertainty in mt given by the
global best fit for 60 GeV < MH < 1 TeV.
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Figure 11: The extracted values of sin2 θˆW (MZ) from various observables as a
function of mt. They are all consistent for a top quark mass of around 150 GeV.
Figure 12: χ2 distributions for various values of the Higgs mass.
dicating that the standard model is correct down to a distance scale of
10−16cm (except possibly for the Higgs sector), as is indicated in Figure 10.
The radiative corrections are essential for the agreement of the various ob-
servables, indicating that the basic structure of renormalizable field theory
is correct. The weak angle in the MS scheme is now determined very pre-
cisely, sin2 θˆW (MZ) = 0.2328 ± 0.0007, where the uncertainty is almost all
due to mt. In the on-shell scheme the uncertainty, again dominated by mt,
is larger, sin2 θW ≡ 1−M
2
W /M
2
Z = 0.2267± 0.0024. There is a fairly precise
prediction mt = 150
+19+15
−24−20 GeV assuming the standard model. In the mini-
mal supersymmetric extension of the standard model (MSSM) one has the
slightly lower value 134+23−28±5 GeV. The difference is because in the MSSM
there is a light scalar which acts like a standard model Higgs but which has
a relatively low mass. For most of parameter space the other supersymmet-
ric particles have no significant role on the radiative corrections. The top
quark and Higgs mass constraints are strongly correlated, and to a good
approximation the predicted value is mt =
(
150+19−24 + 12.5 ln
(
MH
300
))
GeV.
The origin of the constraints can be seen in Figure 11. The χ2 distribu-
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Figure 13: 68% and 90% confidence levels on MH as a function of the top quark
mass, assuming that it has been measured directly with a precision of 10 GeV.
tions of the fit to all data are shown for various values of the Higgs mass in
Figure 12. Although the value predicted for mt is strongly correlated with
the Higgs mass (MH), there will be no independent significant constraint
on MH until after mt is known directly. The total χ
2 of the fit varies by
only 0.6 as the Higgs mass ranges from 60 — 1000 GeV. However, once mt
is known independently with reasonable precision, there may be a marginal
constraint on the Higgs mass, at least if mt is on the low end, as can be seen
in Figure 13.
• As can be seen in Figure 4, the more precise coupling constants, especially
αs, allow a much more stringent probe of grand unification. It is seen in
Figure 14 that the low energy coupling constants do not meet when ex-
trapolated assuming the standard model, but they do meet when extrap-
olated according to the supersymmetric extension, suggesting the possibil-
ity of some form of supersymmetric grand unification at a mass scale of
some 1016 GeV [23]. Instead of just plotting the couplings, one can use
α + sin2 θˆW (MW ) to predict the strong coupling αs (Figure 15). One pre-
dicts αs = 0.125 ± 0.002 (input) ± 0.01 (theory). The first uncertainty,
from the uncertainties in the input data, is negligible. The second, which is
much larger, is due to theoretical uncertainties from threshold corrections at
both the low and grand unified scales, and from possible nonrenormalizable
operators [24]. This is in excellent agreement with the present experimental
value of αs = 0.12±0.01 (data). However, given the theoretical uncertainties
in the prediction, for this application more precise values of αs would not be
useful. One can also apply the more traditional procedure of using α + αs
to predict sin2 θˆW (MW ) = 0.2334± 0.0025 (input) ± 0.003 (theory). This is
in excellent agreement with the experimental value 0.2326 ± 0.0006 (data)
(this assumes the supersymmetric range for mt). However, given the large
uncertainty in the input value of αs, this procedure is less significant than
predicting αs.
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Figure 14: Running coupling constants in ordinary and supersymmetric grand
unified theories, from [24].
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Figure 15: Predictions of ordinary and supersymmetric grand unified theories for
αs, compared with various experimental determinations, from [24]. The bands are
the experimental average 0.12± 0.01.
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Figure 16: Predictions of the ordinary and supersymmetric grand unified theories
for sin2 θW , compared with the experimental value, from [24].
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Figure 17: Current regions allowed in S and T from various reactions at 90% c.l.
The standard model predictions are shown as a function of mt.
• One can search for small deviations due to new physics. The precision tests
are sensitive to many types of new physics into the TeV range. The model
independent analyses of low energy processes have already been discussed.
There are now more stringent limits on ρ0 [17]. This could differ from one
due to exotic Higgs representations or in models with compositeness, while
most superstring theories predict ρ0 = 1. There are also improved limits on
the mixings of exotic fermions, which are predicted in most E6 models, with
ordinary fermions [13, 25]. The LEP data also allowed much more stringent
limits on the mixing of heavy Z ′ bosons with the ordinary Z, though not
much improvement on the masses in the absence of mixing [26]. There
are stringent limits on new 4-Fermi operators associated, for example, with
compositeness or leptoquarks, especially from atomic parity violation [27],
and bounds on the S, T , and U parameters [29], which is a parametrization
of types of new physics which only affect the gauge boson self-energies.
Currently,
T = +0.05± 0.43
S = −0.29± 0.46
U = +0.37± 0.93. (2)
T is associated with SU2V (vector) breaking, and manifests itself in the
strengths GNCF /G
CC
F of the neutral current and charged current amplitudes,
and in the MW/MZ ratio. S and U are associated with SU2A (axial) break-
ing, and are manifested by the relation between the low energy couplings
and the physical gauge boson masses, GF ↔ MW,Z . The current constraints
on S and T are shown in Figure 17.
• There are various ways to parameterize new physics. The S, T , U formalism
is limited to physics which only affects gauge boson self-energies. An alter-
nate formalism describes all types of new physics [30], but utilizes only a
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Figure 18: Deviation vectors from many of the most precise observables (in early
1992).
few of the observables. A general formalism is that of deviation vectors [28],
which is a way of describing all possible types of new physics and their effects
on all observables. One defines the component
Da =
Oexpa − O
SM
a (MZ)
∆Oa
(3)
of the deviation vector, where Oexpa is the experimental value of the a
th
observable and OSMa (MZ) is the prediction of the standard model, using MZ
as input. The denominator is the total uncertainty, due to the uncertainties
in the experiment, ∆MZ , the running of α from Q
2 ∼ 0 up to the Z-
pole, mt, and QCD. If the standard model is correct, the components of
the deviation vector should be in the approximate range −1 to 1, while if
there is a deviation from the standard model the direction (magnitude) of
the deviation vector should indicate the type (strength) of the new physics.
The current situation of the most precise observable is shown in Figure 18.
In fact, the comparison is too good, suggesting that some of the experiments
may have overestimated their systematic uncertainties.
27
7 The Future
There are many possible future precision experiments.
7.1 Motivations
LEP is the most precise facility for electroweak observables. However, it is sen-
sitive only to the properties of the Z boson, and is blind to many types of new
physics which do not directly affect the Z. There is a need for other (less precise)
observables which are sensitive to such deviations from the standard model as Z ′
bosons or exotic fermions which do not directly mix with the ordinary particles,
new 4-Fermi operators, or leptoquarks. Such experiments would be complemen-
tary to direct searches for new particles at high energy colliders and would be
useful for excluding possibilities even if no deviations are observed.
7.2 Possible Experiments
The LEP program is still in progress. One can expect improved values of ΓZ , Γff¯ ,
AFB(f), and Apol(τ). Even at present the precision of some of these observables is
better than had every been anticipated before LEP was built. It is a remarkable
accomplishment, and one should complete the program. There may also be precise
measurements of the polarization asymmetry, ALR, at SLC and LEP. ALR is clean
theoretically, most systematic uncertainties cancel, and it is very sensitive to new
physics. However, it is perhaps less crucial than had been anticipated because of
the success of the other LEP observations.
In addition, we anticipate more precise measurements ofMW to ∼ 100 MeV at
CDF and D0 and at LEP200. We also expect major improvements in the precision
of atomic parity violation experiments at Boulder and Paris. In the near future
the experiments should improve to the 1% level, with the uncertainty dominated
by the theoretical matrix elements. Later, by comparing various isotopes (for
which the atomic uncertainties largely cancel) one could obtain a precision of
≪ 1%. Atomic parity is very sensitive to some types of deviations, especially new
operators associated with compositeness. There is also a possibility of a new deep
inelastic νN → νX experiment at Fermilab. This would be at higher energies than
before, and many of the theoretical uncertainties would be smaller. Finally, there
may be precision experiments at HERA, there are proposals for new generations
of νe and νp scattering at LANL, and there may be e↑↓N experiments at CEBAF,
BATES, and possibly SLAC. It is not clear whether the latter will be used more
as a test of the standard model, or (assuming the standard model) as a probe of
nucleon.
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7.3 Implications
Some time ago Luo, Mann, and I [28] became interested in the relative sensitivity
of these different proposals, i.e., to what extent would each be sensitive to various
types of new physics, which would be more sensitive, and to what extent would
they be complementary. We carried out an analysis of many proposed types of
new physics and many observables, calculating the expected deviation vectors for
some 30 types of new physics for a number of possible observables. A typical
example is shown in Figure 19.
The conclusion was that there is no one “best” observable. A number of
proposed experiments are important, depending on the type of new physics. A
new program of precisions experiments would give an unprecedented test of the
structure of renormalizable field theory and would be sensitive to small deviations
from the standard model. It is important that as many as possible of these
experiments be done to maximize the sensitivity to different types of new physics;
to simultaneously determine the parameters of the standard model; to confirm
any discrepancies; and to diagnose the origin of discrepancies (i.e., the patterns
of deviations for the various experiments are quite different for different types of
new physics). To carry out this program it will be important to have a uniform
analysis of all of the experiments with consistent definitions of sin2 θW . At present
the situation is confused because different definitions are being used, some of
which are effective parameters defined by complicated computer programs. This
is adequate as long as one is just treating the LEP data. However, as soon as
one tries to compare to other observables or to such theoretical ideas as grand
unification the uncertainties in the meaning of these effective parameters become
a problem. It would be desirable to use standardized definitions of parameters,
such as the MS definition of the weak angle. It is also crucial that careful estimates
of systematic uncertainties and correlations be applied to the data.
8 Conclusions
• The weak neutral current plus the W and Z properties are the primary test
of electroweak unification.
• These observables have uniquely established the standard model gauge group
and fermion representations.
• The standard model is correct to an excellent first approximation down to
a distance scale of 10−16 cm.
• Amongst the results
– In the MS scheme sin2 θˆW (MW ) = 0.2328± 0.0007.
– In the on shell scheme sin2 θW ≡ 1−M
2
W/M
2
Z = 0.2267± 0.0024. The
uncertainties in both cases are largely due to mt.
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Figure 19: Sensitivities of a number of types of observables to a particular type
of new heavy Z boson. The larger bars represent a higher sensitivity, shown in
GeV in the right-hand column. For this particular example, MW , deep inelastic
neutrino scattering, atomic parity violation, and various LEP asymmetries are all
very sensitive.
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– One has the predictions mt = 150
+19+15
−24−20 GeV in the standard model
and 134+23−28 ± 5 GeV in the MSSM.
– Although the values of MH and mt are strongly correlated there is no
significant MH constraint until mt is known directly.
– The observed coupling constants are in remarkable agreement with
the predictions of supersymmetric grand unification. This could well
be an accident, but on the other hand it may be pointing us toward
supersymmetric unification and possibly superstring theories.
• The structure of gauge field theory is confirmed.
• The observables are sensitive to many types of new physics into the TeV
range and are an excellent complement to high energy colliders.
• Let us not cut short the program of LEP and other precise measurements;
it is unique in the history of particle physics and should not compromised.
• It is important to present all results in terms of well-defined quantities,
such as a consistent definition of sin2 θˆW , to compare the results of different
classes of experiments and with the predictions of grand unified theories.
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